We have constructed a strain of Saccharomyces cerevisiae with a deletion of the YKL510 open reading frame, which was initially identified in chromosome XI as a homolog of the RAD2 nucleotide excision repair gene (A. Jacquier, P. Legrain, and B. Dujon, Yeast 8:121-132, 1992). The mutant strain exhibits increased sensitivity to UV light and to the alkylating agent methylmethane sulfonate but not to ionizing radiation. We have renamed the YKL510 open reading frame the RAD27 gene, in keeping with the accepted nomenclature for radiationsensitive yeast mutants. Epistasis analysis indicates that the gene is in the RAD6 group of genes, which are involved in DNA damage tolerance. The mutant strain also exhibits increased plasmid loss, increased spontaneous mutagenesis, and a temperature-sensitive lethality whose phenotype suggests a defect in DNA replication. Levels of the RAD27 gene transcript are cell cycle regulated in a manner similar to those for several other genes whose products are known to be involved in DNA replication. We discuss the possible role of Rad27 protein in DNA repair and replication.
Mutations in a number of genes from the yeast Saccharomyces cerevisiae render this organism sensitive to UV and/or ionizing radiation (6, 7, 27) . Strains bearing such mutations have been designated rad (for radiation sensitivity) mutants (8) . The corresponding wild-type alleles participate in several distinct DNA repair and DNA damage tolerance pathways (7, 27) . It is likely that some of these genes encode proteins that also participate in DNA replication and/or recombination, since the processes of repair, replication, and recombination may share the need for common enzymes such as DNA polymerases, ligases, and nucleases. Hence, defects in such genes would be expected to affect the efficiency and fidelity of more than one of these aspects of DNA metabolism.
Among the many genes that are indispensable for nucleotide excision repair of DNA is one designated RAD2 (30, 39) . Biochemical characterization of purified Rad2 protein has demonstrated that it is an endonuclease which is believed to participate in damage-specific incision of DNA (10) . The Rad2 protein of S. cerevisiae comprises 1,031 amino acids, and homologs have been identified in humans, Xenopus organisms, and Schizosaccharomyces pombe (4, 32) . All of these proteins share two highly conserved regions ( Fig. 1) . One of these is located at the N terminus and is conserved over the first 105 amino acids. A second conserved stretch of ϳ140 amino acids is located more internally toward the C terminus of the linear polypeptide (4, 32) .
During a recent systematic effort to sequence the entire chromosome XI of S. cerevisiae, an open reading frame (ORF) was identified and was given the designation YKL510 (16) . Examination of the translated amino acid sequence revealed a potential polypeptide of 383 amino acids with remarkable homology to that of the translated RAD2 gene (16) . In the predicted Rad2 protein the conserved N-terminal and internal motifs are separated by over 600 amino acids, whereas in the YKL510 ORF they are almost immediately adjacent ( Fig. 1 ). Recently the human (25) , murine (12) , and S. pombe (25) homologs of the YKL510 gene were cloned. All are highly conserved throughout their lengths and share the N-terminal and internal regions of homology with the S. cerevisiae RAD2 gene.
The amino acid sequence homology between the protein predicted from the YKL510 ORF and the Rad2 endonuclease of S. cerevisiae (as well as the human, Xenopus, and S. pombe homologs) is intriguing. S. pombe strains carrying mutations in the YKL510 homolog exhibit increased UV sensitivity as well as chromosome instability (25) . In the present study we have cloned the YKL510 locus and constructed a mutant strain with a deletion of the entire ORF. This strain manifests temperature-sensitive growth defects, including cell cycle arrest when grown at 37ЊC. Additionally, the mutant displays profound chromosomal instability and a marked sensitivity to the alkylating agent methylmethane sulfonate (MMS). The mutant also displays a modest sensitivity to UV radiation. Consonant with the accepted nomenclature for radiation-sensitive yeast mutants (8), we have renamed this gene RAD27. We show here that transcription of the RAD27 gene is also cell cycle regulated.
Recent biochemical experiments have shown that the YKL510 (RAD27) gene product and its murine homolog are endowed with DNA endonuclease and 5Ј33Ј exonuclease activities (11, 12) . Additionally, in vitro replication studies indicate a role for the probable mammalian homolog of Rad27 protein in lagging-strand DNA synthesis during DNA replication (9, 15, 37) . Our phenotypic characterization of the mutant strain from S. cerevisiae is consistent with a role for the RAD27 gene product in DNA replication and suggests that the RAD27 gene also plays some role(s) in the repair of various forms of DNA damage.
MATERIALS AND METHODS
Yeast strains. The yeast strains used are listed in Table 1 . Cloning the RAD27 ORF. In order to amplify the yeast RAD27 gene from strain SX46A genomic DNA, we used the following primers for PCR. In primer 179 (5Ј-CCCCTGCAGTGCAAATATGGTGATTTG-3Ј), the underlined bases are complementary to positions Ϫ682 to Ϫ666 relative to the RAD27 translational start site and the 5Ј extension contains a PstI site for cloning. In primer 180 (5Ј-CCCCCCGGGTTTCAAAGTAGAACCTGGATGT-3Ј), the underlined bases are complementary to positions ϩ1807 to ϩ1785 relative to the RAD27 translational start site and the 5Ј extension contains an AvaI site for cloning. We employed 25 cycles of PCR at 94ЊC for 1 min, 50ЊC for 2 min, and 72ЊC for 3 min, followed by a 7-min 72ЊC soaking period. The PCR product was digested with AvaI and PstII and cloned into pUC19 to generate plasmid pMR92393.
Deletion of the RAD27 ORF. We generated two independent deletions of the RAD27 ORF by transplacement with DNA fragments carrying either the URA3 or TRP1 gene. Plasmid pMR92393 was digested with StyI and MluI, the appropriate fragment was isolated, and the ends were filled in. A blunt-ended HindIII fragment from plasmid YEp24 containing the URA3 gene was ligated into the plasmid, generating plasmid pMRrad27⌬::URA3. To delete the RAD27 gene, the plasmid was digested with EcoRI and SphI and used to transform strain SX46A to uracil prototrophy. The resulting colonies were monitored for deletion by Southern analysis. A blunt-ended EcoRI-BglII fragment containing the TRP1 gene was isolated from plasmid YRp7 and ligated into StyI-MluI-digested plasmid pMR92393, generating plasmid pMRrad27⌬::TRP1. To delete the RAD27 ORF, the plasmid was digested with KpnI and SphI and used to transform strain SX46A to tryptophan prototrophy. The resulting colonies were again checked for proper deletion of the RAD27 ORF by Southern analysis.
Construction of a plasmid carrying the RAD27 ORF. Plasmid pMR92393 was digested with AvaI and StyI, the ends were filled in, and the plasmid was recircularized. The resulting product was digested with PstI and SacI, and the RAD27 fragment was purified and ligated into PstI-SacI-digested pRS314 (35) .
Microscopy. For studies at permissive temperatures, cells were grown in YPD at 30ЊC to an optical density at 600 nm of 0.5 to 1, fixed in ethanol, and suspended in 0.2 mg of DAPI (4Ј,6-diamidino-2-phenylindole) per ml for 5 min. Cells were then washed and resuspended in water. SX46Arad27⌬::URA3 cells were grown in YPD at 30ЊC to an optical density at 600 nm of 0.1, switched to 37ЊC, and incubated overnight before DAPI staining.
Sensitivity to DNA-damaging agents. All strains except those containing plasmid pRS314 or pRS314RAD27 were grown in YPD and plated on YPD agar for survival measurements. Cells containing these plasmids were grown in yeast minimal medium supplemented with Ade, His, and Ura and were plated on the same medium. For quantitation of UV radiation or gamma ray sensitivity, cells were grown to stationary phase at 30ЊC and various dilutions were plated. The plates were exposed to the indicated amount of UV radiation (254-nm-radiation germicidal lamp) or gamma rays ( 137 Cs source) and incubated in the dark for 3 to 4 days at 30ЊC before colonies were counted. Survival curves represent average values from at least two independent experiments.
For quantitation of MMS sensitivity, cells were grown to stationary phase at 30ЊC, harvested by centrifugation, washed with water, and resuspended in 0.1 M potassium phosphate buffer (pH 7) at 2 ϫ 10 7 cells per ml. The amounts of MMS indicated in Fig. 3C were added, and cells were incubated at 30ЊC with shaking for 30 min. The cells were then collected by centrifugation and washed four times with water, and various dilutions were plated. Plates were incubated at 30ЊC for 3 to 4 days before colonies were counted. Survival curves represent average values from at least two independent experiments.
Flow cytometry. Synchronization of early-log-phase cells with ␣-factor was performed as described previously (33) except that synchronization was at 23ЊC for 3.5 h. At various times after release from arrest, aliquots (10 7 cells) were washed with water and fixed in 80% ethanol. Fixed cells were kept overnight at 4ЊC, washed with water, resuspended in 200 ml of 50 mM sodium citrate, and analyzed on a Becton-Dickinson FACScan flow cytometer, with use of the CELLFIT program (version 2.0) for analysis of DNA content.
Measurement of spontaneous and induced mutagenesis. The rate of spontaneous mutagenesis was measured by reversion to Ade ϩ . At least 20 parallel 2-ml YPD cultures were inoculated with ϳ40 cells and grown for 3 or 4 days to stationary phase. Cells were then plated on yeast minimal agar supplemented with Trp, His, and Ura, and the plates were incubated at 30ЊC. The data were evaluated according to the method of the median (22, 24) . The frequency of UV radiation-induced mutations was also measured by reversion to Ade ϩ . A total of 10 7 cells were plated on yeast minimal agar supplemented with Trp, His, and Ura, and the plates were exposed to UV radiation (254-nm-radiation germicidal lamp) at various doses. The plates were incubated in the dark at 30ЊC for 4 days, and Ade ϩ colonies were counted.
Chromosome loss assay. The centromeric plasmid YRp14/CEN4/ARS1/ SUP11 (14) was introduced into wild-type and mutant cells, and Ura ϩ transformants were selected. Four independent transformants from each strain were restreaked for single colonies. These were picked from the selective plates into water, and an appropriate dilution was plated directly onto YPD plates. The plates were incubated at 30ЊC for 6 to 8 days to allow red color to develop.
Northern (RNA) analysis. Cells were synchronized with ␣-factor as described above. RNA was isolated by the hot phenol technique (2) . The RNA was fractionated on a 1% formaldehyde gel and blotted onto GeneScreen Plus by standard methods (1) . The filters were probed with RAD27 and URA3 riboprobes and a histone H2A PCR product labeled by the random primer method. Hybridization and washing conditions were as suggested by the manufacturer. Quantitation of mRNA was performed with a Molecular Dynamics Phosphoimager with ImageQuant software.
RESULTS

Sensitivity of the rad27 mutant to DNA-damaging agents.
To establish whether the YKL510 ORF initially established by DNA sequencing is functional, we constructed a mutant strain with a deletion of the entire ORF by gene transplacement (31) and investigated this strain for specific phenotypes. Several independent haploid isolates were examined by Southern analysis and shown to carry the URA3 transplacement diagrammatically represented in Fig. 2 . In view of the observation that the translated sequence of this ORF is homologous with that of the S. cerevisiae RAD2 gene, which is involved in nucleotide excision repair (16), we initially examined the sensitivity of the mutant strain to several types of DNA-damaging agents. As shown in Fig. 3A , the mutant strain was moderately sensitive to UV radiation compared with an otherwise isogenic parent. However, the extent of this sensitivity was considerably less than that of an isogenic strain with a deletion of the RAD2 gene ( Fig. 3A) . Historically, S. cerevisiae mutants that are abnormally sensitive to UV radiation, ionizing radiation, or radiomimetic chemicals have been called rad mutants (8) . We have therefore designated this mutant strain the rad27⌬::URA3 mutant. The sensitivity of the rad27⌬::URA3 mutant to UV radiation was fully complemented by transformation of the mutant with a plasmid carrying the cloned RAD27 ORF but not by transformation with the plasmid vector alone (Fig. 3A) . Since the plasmid-borne gene carries just the RAD27 ORF with no flanking genes, this result indicates that the UV radiation-sensitive phenotype is not due to interference with the integrity of adjacent genes during the construction of the mutant by transplacement. The rad27⌬::URA3 mutant strain was also moderately sensitive to the UV-mimetic chemical 4-nitroquinoline-1-oxide (data not shown). The rad27⌬::URA3 mutant is not abnormally sensitive to killing by ionizing radiation (Fig. 3B ). However, exposure to the alkylating agent MMS resulted in extensive killing of the mutant (Fig. 3C) . At a concentration of MMS that yielded 100% survival of the isogenic parent strain, survival of the mutant strain was reduced by 2 to 3 orders of magnitude. This phenotype was also fully corrected by a plasmid containing the cloned RAD27 gene but not by the plasmid vector alone (Fig.  3C ).
S. cerevisiae rad mutants have been organized into three largely nonoverlapping epistasis groups referred to as the rad3, rad52, and rad6 groups for one of the members of each (6, 27) . The wild-type members of the rad3 epistasis group are nucleotide excision repair genes. The rad6 group of genes is involved with DNA damage tolerance mechanisms, and the rad52 group of genes functions in the repair of double-strand breaks via a recombinational pathway(s). We performed an analysis of epistasis by examining the sensitivity of the rad27⌬::URA3 mutant in combination with mutants in the rad3 and rad6 epistasis groups. As shown in Fig. 4A , a strain with a deletion of both the RAD27 and RAD2 genes or of both the RAD27 and RAD10 genes (RAD10 is also indispensable for nucleotide excision repair [30, 39] ) was more sensitive to UV radiation than the respective rad2 or rad10 single mutant. This additive UV radiation sensitivity suggests that RAD27 does not participate in the RAD2-and RAD10-dependent nucleotide excision repair pathway. In contrast, a combination of the rad27⌬::URA3 mutation and a rad18 mutation (a member of the rad6 epistasis group) did not increase the sensitivity of the rad18 mutant to UV radiation (Fig. 4B) . These results place the rad27 mutant in the rad6 epistasis group and suggest that the RAD27 gene product is required for a cellular response(s) to DNA damage associated with some form of DNA damage tolerance. We were unable to generate viable rad27 rad52 haploid strains by gene disruption. This combination of mutations may be lethal, or, alternatively, this finding may reflect a reduced recombination proficiency in strains carrying mutations in these genes.
Growth characteristics and morphology of the mutant strain. At 37ЊC the rad27⌬::URA3 mutant strain manifested growth arrest and the formation of large, budded, dumbbell-shaped cells (Fig. 5A ). Examination of these cells after staining with DAPI showed the presence of a single nucleus in the mother cell or in the neck between mother and daughter cells (Fig.  5A) . These morphological observations suggest that at the restrictive temperature the deletion mutant undergoes cell cycle arrest. To examine this parameter more precisely, we monitored the DNA content of cells by flow cytometry. Wild-type and mutant cells were grown at 23ЊC to mid-log phase, arrested with the mating pheromone ␣-factor, and then released from arrest at 36ЊC. Both the arrested wild-type and mutant cells showed a single peak of fluorescence corresponding to a 1N DNA content, as expected from ␣-factor arrest at START (Fig. 6 ). Upon release from arrest, wild-type cells were observed to traverse the cell cycle normally. In contrast, mutant cells accumulated a 2N DNA content, consistent with arrest in the late S or G 2 phase of the cell cycle ( Fig. 6) .
At 30ЊC several independent isolates of haploid rad27⌬:: URA3 cells were observed to have a doubling time ϳ50% slower than that of isogenic wild-type cells (data not shown).
Growth was also significantly slower than in the wild-type parent at 16 and 23ЊC. Microscopic examination of asynchronous cultures of mutant cells from a single haploid isolate demonstrated a variety of morphologic abnormalities when cells were grown at 30ЊC ( Fig. 5B and C) . The mutant cells were considerably larger than wild-type cells, and many of them showed grossly abnormal morphology, including giant cells, elongated cells, linear chains of several cells connected end to end, and groups of 6 to 12 cells clumped together in a manner distinct from the established ''clumpy'' phenotype. Collectively, the results described above suggest that cells with a deletion of the RAD27 gene are able to replicate much if not all their DNA. However, an event(s) that is aberrant at permissive temperatures and is totally defective at 37ЊC leads to cell cycle arrest in the late S or G 2 phase.
Mutagenesis and chromosome stability in the rad27⌬::URA3 mutant. Many genes in the rad6 epistasis group are known to be involved in both spontaneous and DNA damage-induced mutagenesis (6) , although their precise contributions to these phenomena are poorly understood. Defects in some genes in this group result in an increase in the rate of spontaneous mutagenesis. Mutations in other genes result in a reduction or abolition of DNA damage-induced mutagenesis, while yet other genes can influence both spontaneous and DNA damage-induced mutagenesis (21, 23) . We investigated both of these phenomena in the rad27⌬::URA3 mutant. The wild-type and mutant strains are phenotypically Ade Ϫ because of a nonsense mutation in the ADE2 gene. We therefore measured spontaneous reversion to Ade ϩ (which can occur by reversion at the ade2 locus or by generation of a suppressor tRNA) in wild-type and rad27⌬::URA3 mutant strains. We observed a sixfold-higher level of spontaneous mutation per generation in the mutant compared with that in the wild-type strain ( Table  2 ). In contrast, when we measured UV radiation-induced reversion to Ade ϩ , we found no significant differences between the two strains ( Table 2) .
Mutations in proteins involved in either DNA replication or mitosis can result in chromosomal instability and hence an increased rate of chromosome loss (13, 26) . Indeed, such a phenotype has been independently demonstrated in studies of the S. pombe homolog of the RAD27 gene (designated rad2 ϩ ; not to be confused with the RAD2 gene of S. cerevisiae [25] ). To investigate this phenotype, we monitored the stability of a centromeric plasmid in a strain in which the RAD27 gene was replaced with the TRP1 gene (14, 20) . These cells were transformed with a centromeric autonomously replicating plasmid carrying a tRNA suppressor gene. Suppression of the Ade Ϫ phenotype results in white colony color which is retained during stable plasmid segregation. However, loss of the plasmid results in white colonies with red sectors. The plasmid loss per generation can be calculated by determining the percentage of half red, half white colonies that derive from cells that suffered a plasmid loss event in the first cell division. This plasmid is typically lost at a rate of ϳ10 Ϫ2 per generation (14) . The wild-type strain showed the expected pattern of predominantly white colonies (Fig. 7) . In contrast, four independent rad27⌬:: TRP1 mutant transformants yielded mainly solid red colonies, indicating that these cells lost the plasmid with a very high frequency. Indeed, we were unable to quantitate the loss rate, since we almost never observed half-sectored colonies.
Expression of the RAD27 gene is cell cycle regulated. The promoter region of the RAD27 gene contains two MluI motifs (ACGCGT) at nucleotide positions Ϫ123 and Ϫ175 with respect to the ATG translational start site (Fig. 2) . This sequence has been shown to be a DNA-binding site for a transcription factor that confers cell cycle-dependent expression of several yeast genes (17, 18) . In order to determine whether transcription of the RAD27 gene is regulated during the cell cycle, we performed Northern analysis of the transcript in wild-type cells synchronized in G 1 with ␣-factor. Upon release from the synchronized state, yeast cells typically undergo several wellsynchronized divisions. As shown in Fig. 8 , the RAD27 gene encodes a 1.35-kb transcript which is cell cycle regulated. Induction of RAD27 occurs prior to the maximal expression of histone H2A, which is induced in early S phase (38) . This timing places the induction of RAD27 concomitant with that of a number of other cell cycle-regulated genes whose products are known to be involved in DNA replication (see Discussion). When normalized to the expression of the non-cell-cycle-regulated URA3 gene, the induction of RAD27 was determined to FIG. 6. Flow cytometric analysis of DNA content in wild-type (WT) and rad27⌬::URA3 cells at the indicated times after release at 36ЊC from ␣-factor arrest. The 1N and 2N peaks are labeled. The cells were grown and arrested as described in Materials and Methods. be ca. fourfold. The possibility that RAD27 may also be induced following the exposure of cells to DNA-damaging agents is currently under investigation.
DISCUSSION
We have initiated an analysis of the function of an ORF, originally identified as YKL510, located on the long arm of chromosome XI of S. cerevisiae. On the basis of the sensitivity of a deletion mutant to UV radiation, we have adopted the systematic nomenclature for radiation-sensitive yeast mutants and have renamed the wild-type allele RAD27. The modest sensitivity of a rad27 deletion mutant to UV radiation and its resistance to ionizing radiation possibly explain why the RAD27 gene was not previously identified in genetic screens for radiation-sensitive yeast mutants. The ability of a plasmid carrying just the RAD27 gene to fully complement both the UV radiation and MMS sensitivities of the mutant indicates that all mutant phenotypes arise exclusively from a defect in the RAD27 gene. This is an important consideration since the gene immediately downstream of RAD27 is APN1, which encodes the major apurinic/apyrimidinic endonuclease in S. cerevisiae.
Deletion of the APN1 gene also results in increased sensitivity to MMS (29) .
Deletion of the RAD27 gene results in a severe growth defect. At 37ЊC growth is completely arrested, and it is also significantly reduced at all permissive temperatures tested. The morphology of growth-arrested cells at 37ЊC combined with an analysis of DNA content indicates that their cell cycle is arrested in the late S or G 2 phase. It is well established that yeast cells that are unable to complete normal DNA replication arrest as large budded cells with a single nucleus (28) . The presence of this characteristic morphology in the rad27⌬:: URA3 mutant at the restrictive temperature suggests that in the absence of RAD27 function, DNA replication is incomplete or results in a diploid genome which is unable to undergo normal segregation.
It is curious that a strain with a complete deletion of a gene manifests temperature-sensitive lethality. However, this phenomenon is not unprecedented in the literature (3, 5) . This observation suggests that another protein(s) can substitute for the essential function of the RAD27 gene product at 30ЊC but not at 37ЊC. Alternatively, Rad27 protein may contribute to the stability of a multiprotein complex which completely loses its integrity at the restrictive temperature.
Many of the other phenotypes of a rad27⌬ mutant are consistent with a role of the RAD27 gene in stable DNA replication. The mutant can maintain a plasmid minichromosome under selective conditions, but when selection is removed, the plasmid is rapidly lost. Chromosome loss has been associated with mutations in other proteins known to be involved in DNA replication (13, 26) . In addition to temperature-sensitive growth arrest and chromosome loss, the rad27⌬ strain exhibits a significant increase in the frequency of spontaneous mutation (Ade Ϫ 3Ade ϩ ) but no increase in frequencies of mutations induced by exposure to UV radiation. Increased spontaneous mutagenesis is also consistent with a defect in DNA replication. However, this phenotype may alternatively reflect defective repair or tolerance of spontaneous DNA damage.
The RAD27 gene encodes a 1.35-kb transcript whose abundance in asynchronous cultures is approximately the same as that of URA3 mRNA. The gene is cell cycle regulated, resulting in about a fourfold increase in the level of RAD27 mRNA in early G 1 phase. A similar pattern of transcriptional regulation has been observed for more than 20 genes which are involved in DNA replication in S. cerevisiae (17) , including those that encode DNA polymerases ␣ (POL1) and ␦ (POL3) and DNA ligase (CDC9) and genes involved in the biosynthesis of nucleotide precursors for DNA synthesis, such as thymidylate kinase (CDC8), ribonucleotide reductase (RNR1 and RNR2), and thymidylate synthase (CDC21). These observations, to- Wild-type cells were arrested with ␣-factor and then released, and aliquots of cells were collected at the indicated times for RNA preparation. Zero time represents cells collected immediately after release from arrest. The URA3 transcript serves as a non-cell-cycle-regulated control. The histone H2A transcript serves as a marker for S phase, since this gene is known to be induced during S phase. VOL. 177, 1995 PHENOTYPIC CHARACTERIZATION OF THE rad27⌬::URA3 MUTANT 369 gether with the mutant phenotypes of cell cycle stage-specific growth arrest, minichromosome instability, and increased spontaneous mutagenesis, provide strong circumstantial evidence that the product of the RAD27 gene has some role(s) in DNA replication in S. cerevisiae. Several observations suggest that the primary role of Rad27 protein and its mammalian homologs is to allow completion of lagging-strand DNA synthesis during DNA replication. First, Rad27 protein is endowed with both DNA endonuclease and 5Ј33Ј exonuclease activities (12) . Second, studies with human and murine in vitro DNA replication systems have led to the purification of a protein which is almost certainly the mammalian homolog of Rad27 protein (9, 15, 37) . This protein, which is also endowed with nuclease activity, is required for the maturation and ligation of Okazaki fragments generated during discontinuous synthesis of the lagging strand in DNA replication. The purified protein also exhibits 5Ј33Ј RNA exonuclease activity on RNA-DNA hybrids (9, 15) and has been postulated to be required for the degradation of RNA at the 5Ј ends of Okazaki fragments. In the absence of this protein, nicks in the lagging strand are not sealed and lagging-strand DNA synthesis cannot be completed. RNase H cannot substitute for this protein in vitro (9, 15, 37) . Interestingly, the probable bovine analog of Rad27 protein has been detected in partially purified fractions of DNA polymerase ε and is required for complete DNA synthesis with a synthetic DNA substrate designed to mimic the lagging-strand template (34, 36) . RNase activity has not been demonstrated with the yeast Rad27 protein. However, given the high level of sequence conservation between this protein and its mammalian homologs, it seems likely that such an activity exists.
The putative role of the Rad27 protein in the stable completion of DNA replication is supported by the remarkably similar phenotypes of the rad27⌬::URA3 mutant strain and an Escherichia coli strain designated polAex1 (polA480ex), which carries a mutation that abolishes the 5Ј33Ј exonuclease activity of this polymerase (19) . This mutant strain is sensitive to temperature, sensitive to MMS (but not to ionizing radiation), and moderately sensitive to UV radiation. At the nonpermissive temperature the E. coli mutant is unable to seal Okazaki fragments and incorporate them into high-molecular-weight DNA. This defect is thought to be a consequence of the inability of the enzyme to degrade RNA in Okazaki fragments. The amino acid sequences of the yeast RAD27 gene and the N-terminal 323 amino acids of the region of the E. coli polA gene, which encodes the 5Ј33Ј exonuclease activity, are 22.4% identical and 45% similar.
Our original interest in the YKL510 ORF was sparked by the observation of a striking similarity in the amino acid sequence of the putative polypeptide encoded by this ORF and regions of the endonuclease encoded by the yeast RAD2 gene, which is known to be involved in nucleotide excision repair (6, 27 ). An analysis of epistasis indicates that the RAD27 gene is not a member of the nucleotide excision repair epistasis group but rather falls into the rad6 epistasis group, genes of which are involved in DNA damage tolerance and mutagenesis. This observation is consistent with the moderate sensitivity to UV radiation and with the spontaneous mutator phenotype. Hence, the amino acid sequence homology likely reflects the fact that both the yeast RAD2 and RAD27 gene products are endowed with nuclease activities.
It is not evident why deletion of the RAD27 gene confers such profound sensitivity to the alkylating agent MMS, particularly in light of normal levels of resistance to ionizing radiation. Similar hypersensitivity has been observed after treatment of rad27⌬::URA3 cells with other methylating agents (data not shown). As mentioned above, this phenotype has been observed in the E. coli polAex1 mutant, and it may reflect a special role of this class of nucleases in the repair of alkylation damage to DNA.
